Abstract-In this paper, nonlinear-carrier (NLC) control is proposed for high-power-factor rectifiers based on flyback,Ćuk, Sepic, and other up-down converters operated in the continuous conduction mode (CCM). In the NLC controller, the switch duty ratio is determined by comparing a signal proportional to the integral of the switch current with a periodic nonlinearcarrier waveform. The shape of the NLC waveform is determined so that the resulting input-line current follows the input-line voltage, as required for unity-power-factor rectification. A simple exponential carrier waveform generator is described. Using the NLC controller, input-line voltage sensing, error amplifier in the current-shaping loop, and multiplier/divider circuitry in the voltage feedback loop are eliminated. The simple high-performance controller is well suited for integrated-circuit implementation. Results of experimental verification on a 150-W flyback rectifier are presented.
I. INTRODUCTION

F
OR THE purpose of single-phase high-power-factor rectification, flyback,Ćuk, Sepic, and other up-down power converters offer the benefits of single-stage transformer isolation, voltage step up or step down, magnetic coupling (Ćuk and Sepic), and simple automatic current shaping when operated in the discontinuous conduction mode (DCM) [1] - [3] . At higher power levels, the continuous conduction mode (CCM) is preferred, but the input current shaping requires more complex control, such as average current mode [4] or charge control [5] .
In this paper, we introduce a simple high-performance nonlinear-carrier (NLC) controller suitable for flyback,Ćuk, Sepic, and other up-down converters operated in the CCM. This is an extension of the work reported in [6] , where the NLC controllers were introduced for rectifiers based on the boost converter. The main idea and operating principles are the same as in the NLC controllers for boost rectifiers. However, since the up-down converters have a different dc conversion ratio, the required NLC waveform and implementation of the NLC generator are different.
NLC control, with a general block diagram shown in Fig. 1 , is reviewed in Section II. The NLC controller for Manuscript received June 3, 1996 ; revised June 13, 1997. Recommended by Associate Editor, F. Dong Tan.
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up-down converters is derived in Section III. Construction of the required NLC waveform generator is discussed in Section IV. Large-and small-signal low-frequency models of NLC controlled up-down converters are derived in Section V. Section VI presents results of experimental verification on a 150-W rectifier based on the flyback converter.
II. NONLINEAR-CARRIER CONTROL
The usual control objectives in a high-power-factor rectifier are to keep the low-frequency portion of the input current proportional to the input (full-wave-rectified ac line) voltage (1) and to keep the output dc voltage at a specified reference level . A general block diagram of the NLC controller for a switching converter in the rectifier application is shown in Fig. 1 . At the beginning of a switching period, a short clock pulse sets the flip-flop (FF), which turns on the power switch . The control is based on sensing the switch current and comparing the signal derived from the switch current with a periodic nonlinear-carrier waveform . A signal proportional to the cycle-by-cycle integral of the switch current is used in the block diagram of Fig. 1 . As an alternative, a signal proportional to the instantaneous switch current can also be used [6] , [7] . At , and the comparator output goes high and resets the FF, thus turning off the power switch . The process is repeated in each switching period. The NLC control can be viewed as currentmode programming, or as one-cycle (charge) control, with a judiciously selected nonlinear compensation ramp.
The periodic nonlinear waveform can be constructed so that the input current automatically follows the input voltage , as required for unity power factor rectification. The waveshape depends on the converter topology and type of the signal derived from the sensed switch current. Signal affects the amplitude of the waveform and determines the emulated resistance of the rectifier. As shown in Fig. 1 , is usually obtained at the output of an error amplifier in the slow voltage-regulating loop. As opposed to other control methods, the NLC control requires only switch current and output voltage sensing and achieves simplicity comparable to operation in the DCM. Sensing of the input-0885-8993/98$10.00 © 1998 IEEE 
III. NONLINEAR-CARRIER CONTROL
FOR UP-DOWN CONVERTERS In this paper, we derive the NLC control for up-down switching converters with the steady-state dc conversion ratio given by (2) where is an arbitrary constant and is the switch duty ratio. The constant can be 1 if the converter is inverting the input voltage or the turns ratio if the converter has an isolation transformer. The considered up-down converters include buck-boost, flyback,Ćuk, Sepic, and inverse Sepic (Zeta) converters, with or without transformer isolation. In all of these converters, the low-frequency portion of the switch current is equal to the low-frequency portion of the input current . The current-shaping objective (1) can therefore be written as (3) To keep the notation simple, we assume that a switching period always starts at . Equation (3) is the basis for one-cycle (charge) control, which has been applied to flyback rectifiers [5] .
In the discussion that follows, we use the notation (4) Using (2), we find as a function of the output voltage and the switch duty ratio (5) and eliminate in (3) to obtain the relation (6) the switch duty ratio must solve in each switching period. is the equivalent current-sensing resistance, and the emulated resistance (7) can be adjusted by the slowly-varying control signal in the voltage feedback loop.
In each switching period, the duty ratio that solves (6) can be obtained by comparing the voltage proportional to the integral of the switch current (the left-hand side) (8) with a periodic nonlinear-carrier waveform (the righthand side), obtained by replacing (9) in (6) (10) is not realizable because , but can simply be clamped at the beginning of a switching period. With the nonlinear-carrier waveform defined by (10), the required current shaping (3) can also be expressed as (11)
A. Current Distortion in the DCM
The basic assumption in the derivation of the NLC controller is that the converter operates in the CCM. In the DCM, the relation (5) is not valid, and the resulting input current does not exactly follow the input voltage. The purpose of this section is to determine conditions for operation in the CCM and to determine the current distortion caused by operation in the DCM.
In the DCM, the switch current is zero at the beginning of any switching cycle,
. The average switch current can be found as a function of the switch duty ratio (12)
The condition for operation in the CCM is (13) or (14) where (15) is the load parameter commonly used in DCM analyzes and is the dc load resistance. From (14), we conclude that the NLC controlled converter always operates in the CCM if (16) and always in DCM if (17) For any load between these boundary values, the converter goes from the DCM to the CCM and back to the DCM during each half of the ac-line cycle.
The input current when the converter operates in the DCM is given by (12), where the duty ratio is obtained by solving (18) which follows from (6) imposed by the NLC controller and the expression (12) for the input current in the CCM. A simulation of the distorted input current waveform is shown in Fig. 3 .
Total harmonic distortion (THD) of the input current as a result of the DCM operation has been found as a function of the load parameter for several . The considered range for the conversion ratio is to , which allows for universal-input operation. The results are shown in Fig. 4 , which can be used to select the converter parameters and/or to ensure that the current THD is satisfactory. The worst case THD is obtained for the maximum line voltage (maximum ) and the minimum load current (maximum , minimum ). Significant amounts of THD are obtained only if the load is reduced much below the CCM/DCM boundary value. If we consider as the worst case input-line voltage, the THD is less than 10% for loads down to , which is one tenth of the load when the converter starts operating in the DCM during a portion of the ac-line cycle. Therefore, current distortion in the DCM should not present a problem in practical designs. 
IV. CARRIER WAVEFORM GENERATOR
The key component of the NLC controller of Fig. 1 is the generator of the nonlinear-carrier waveform defined by (10). We now show how this highly nonlinear periodic waveform can be approximated in hardware without compromising simplicity or performance of the controller.
Since the output voltage is , the converter always operates with greater than a minimum value , at the peak of the input-line voltage (19) Therefore, an accurate approximation to is only required on the interval . With the objective of simple hardware implementation, we consider approximating the carrier with an exponential decay as follows: (20) The time constant of the exponential decay is specified as a fraction of the switching period using the parameter , while is an arbitrary constant that scales the amplitude of the carrier and therefore the emulated resistance . Fig. 5 compares the ideal carrier waveform with the approximate exponential carrier waveform for . Hardware implementation of the exponential carrier is very simple, as shown in Fig. 6 . A constant-frequency clock CK with duty ratio keeps the switch on during . When the switch is turned off, decays from toward zero, with the time constant . As a result of the approximate carrier waveform, the input current is not exactly equal to the ideal , even if the converter operates always in the CCM. The actual can be found from (11) by replacing the ideal carrier waveform with the approximate waveform (23), the THD of the input current can be found for a given value of the parameter and a given conversion ratio . Fig. 8 shows contours of constant THD as a function of and . The parameter has been found to minimize the maximum THD of over the considered four-one range of input ac-line voltages. Fig. 9 shows the THD of the ac-line current as a function of , for the optimum value of the parameter . The maximum THD of 3.84% is obtained for . Fig. 8 shows how the THD stays well below 10% for wide tolerances in the time constant of the exponential decay used to approximate the ideal NLC waveform.
V. LOW-FREQUENCY MODELS
The modeling approach followed here has been proposed in [1] and [8] . For frequencies much below the switching frequency, a large-signal, low-frequency model of a NLC controlled rectifier is shown in Fig. 10 . The power absorbed by the emulated resistance is transferred to the output through the time-varying power source . This feature of the model is common to all converters and control schemes that achieve ideal resistive emulation at the input port. A unique aspect of the NLC controlled rectifier is that the emulated resistance is not only inversely proportional to the control input , but is also directly proportional to the output voltage , even without any external voltage-regulating feedback loop.
For the purpose of designing a slow voltage-regulating feedback loop, the output side of the small-signal model can be derived by averaging the current over a line cycle (24) Referring to Fig. 10 , is the dc component of the current and is the rms value of the input-line voltage. The The resulting low-frequency small-signal model of the NLC controlled rectifier is shown in Fig. 11 . Note that the openloop small-signal output resistance is two times lower than in the rectifier with conventional power factor correction.
VI. EXPERIMENTAL VERIFICATION
A flyback rectifier with the NLC controller has been built and tested. The experimental circuit is shown in Fig. 12 . The ac-line input is 85-130 Vrms, 60 Hz, and the output dc voltage is regulated at Vdc. With a 1 1 transformer , this specifies the range of as (27) The switching frequency is kHz, and the transformer magnetizing inductance is H. The maximum load power is W, which corresponds to the load parameter . The output of the voltage-loop error amplifier built around the opamp IC1 is the control voltage at the input of the exponential NLC generator. The parameter is set by the time constant , which is close to the theoretical optimum value found in Section IV. The carrier signal is the input of the voltage comparator IC3. The duty ratio of the clock signal CK is . At the beginning of a switching period, the clock signal turns on the switch to charge to and sets the FF IC4. The power switch current is sensed using a current transformer CT with turns ratio. The scaled switch current is integrated on to obtain the signal at the input of the voltage comparator IC3. The output of the FF IC4 controls the power transistor . Fig. 13 shows experimental controller waveforms during several switching cycles. All controller functions could easily be implemented on a dedicated integrated circuit.
A simple voltage-regulating feedback loop has been designed around the model of Fig. 11 , as shown in Fig. 14 where the converter pole frequency is defined as
This results in a loop gain of (31)
The converter pole and compensator zero frequencies and , respectively, can be chosen to cancel each other out, resulting in a crossover frequency (32)
In the experimental circuit, the compensator zero is placed at Hz. The error amplifier frequency is placed at Hz, which results in a voltage-loop crossover frequency given by (32) of Hz. Fig. 15 shows the experimental closed-loop output-voltage transient response for a step load change from 50 to 133 W. As discussed in Sections III and IV, the THD of the inputline current is affected by the approximate exponential carrier and, depending on the load, by operation in the DCM. Another cause of distortion is related to the fact that the emulated resistance is directly proportional to the output voltage , as given by (7) . This implies that the open-loop ac input current is affected by the output voltage ripple at 120-Hz and higher line-frequency harmonics. Given a constant openloop control input and the output voltage , the input current for small ripple is given by
where is the nominal emulated resistance. Because of the product of and , the second harmonic in will result in the third harmonic in . In closedloop operation, the output voltage ripple also affects the input current waveform through the control input . As a result of the output voltage ripple, additional distortion of the input current can therefore be expected. Distortion can be observed in the input ac-line current, which is the result of operation in the CCM around zero crossings of the ac-line voltage. This waveshape corresponds to the theoretical prediction of Fig. 3 . The total current harmonic distortion is still very small for both open-and closed-loop operation, with the largest harmonics equal to 3.05% (seventh) and 5.39% (third), respectively.
VII. CONCLUSION
The NLC controller is proposed for high-power-factor rectifiers based on flyback,Ćuk, Sepic, and other up-down converters operated in the continuous-conduction mode. In the NLC controller, the switch duty ratio is determined by comparing a signal proportional to the integral of the switch current with a periodic nonlinear-carrier waveform. The shape of the carrier waveform is determined so that the resulting input-line current is proportional to the input-line voltage, as required for unity-power-factor rectification. A very simple implementation of the carrier waveform generator is described, based on an exponential approximation of the ideal carrier waveform.
The controller operation has been experimentally verified on a 150-W rectifier based on the flyback converter. Very low harmonic distortion of the ac-line current for both open-and closed-loop operation has been obtained for a wide range of loads.
Using the NLC controller, input voltage sensing, error amplifier in the current-shaping loop, and the multiplier/divider circuitry in the voltage feedback loop are eliminated. The current shaping is based on switch current sensing, which is the only overhead compared to the discontinuous-mode operation. The simple high-performance controller is well suited for integrated-circuit implementation.
